Diatoms (Bacillariophyta) are a species-rich group of eukaryotic microbes diverse in morphology, ecology, and metabolism. Previous reconstructions of the diatom phylogeny based on one or a few genes have resulted in inconsistent resolution or low support for critical nodes. We applied phylogenetic paralog pruning techniques to a data set of 94 diatom genomes and transcriptomes to infer perennially difficult species relationships, using concatenation and summary-coalescent methods to reconstruct species trees from data sets spanning a wide range of thresholds for taxon and column occupancy in gene alignments. Conflicts between gene and species trees decreased with both increasing taxon occupancy and bootstrap cutoffs applied to gene trees. Concordance between gene and species trees was lowest for short internodes and increased logarithmically with increasing edge length, suggesting that incomplete lineage sorting disproportionately affects species tree inference at short internodes, which are a common feature of the diatom phylogeny. Although species tree topologies were largely consistent across many data treatments, concatenation methods appeared to outperform summary-coalescent methods for sparse alignments. Our results underscore that approaches to species-tree inference based on few loci are likely to be misled by unrepresentative sampling of gene histories, particularly in lineages that may have diversified rapidly. In addition, phylogenomic studies of diatoms, and potentially other hyperdiverse groups, should maximize the number of gene trees with high taxon occupancy, though there is clearly a limit to how many of these genes will be available.
Introduction
Diatoms are a hyperdiverse lineage of microbial eukaryotes that form the base of marine food webs and produce roughly 20% of Earth's oxygen (Field et al. 1998) . Despite their importance, progress in understanding diatom evolutionary relationships has not kept pace with other similarly diverse groups. Illustrative of this, the first molecular phylogeny of diatoms, based on SSU rDNA sequences from 11 taxa (Medlin et al. 1993) , was published the same year as a landmark rbcL phylogeny of 499 seed plants (Chase et al. 1993) . Nearly 25 years later, plant relationships are now supported by hundreds of plastid genomes (Ruhfel et al. 2014) , hundreds of nuclear genes Zeng et al. 2014) , and a combined data set of 17 genes from 640 taxa (Soltis et al. 2011) . Although phylogenetic studies of diatoms have seen substantial gains in taxon sampling, reliance on the SSU rDNA gene persists (Medlin 2016 ) despite its known limitations (Soltis et al. 1999; Theriot et al. 2009 ). Plastid loci have also proven to be informative , but many diatom relationships remain uncertain. For example: 1) support among the major clades, including the earliest splits in the tree, is often low (Theriot et al. 2010 Li et al. 2015) ; 2) monophyly of the three diatom classes (Coscinodiscophyceae [radial centric diatoms], Mediophyceae [polar centric diatoms], and Bacillariophyceae [pennate diatoms]) can be sensitive to locus selection, alignment strategy, and outgroup choice (Medlin 2016) ; 3) relationships within the major classes can vary depending on the locus and method of phylogenetic inference (Theriot et al. 2010 ; and 4) the sister lineage to pennate diatoms (Bacillariophyceae), and within that clade, the sister to raphid pennates, are still uncertain.
Transcriptome (RNA-seq) data have become a widely used source of data for phylogenetic studies (Wen et al. 2015) , providing hundreds to thousands of informative markers for resolving relationships across a broad range of evolutionary scales (Johnson et al. 2013; Wickett et al. 2014; Shen et al. 2016) . Methodological advances have made it possible to extend these approaches to nonmodel organisms with few genomic resources. For example, identification of orthologous loci has been improved for data sets with incomplete or Article ß The Author 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
Open Access uneven phylogenetic sampling (Emms and Kelly 2015) , and flexible strategies for orthology determination can accommodate the complex nature of transcriptome-based phylogenetic data sets (Yang and Smith 2014) . Transcriptome data are, however, inherently noisy. Genes expressed at low levels may be partly assembled or absent for some taxa, leading to biases in ortholog clustering or multiple sequence alignments with incomplete data (Grabherr et al. 2011a; Boussau et al. 2013) . Genes that are exclusive to smaller subclades within a large, species-rich group will also result in "missing" data for taxa in other parts of the tree. Although the impacts of variation in alignment column and taxon occupancy have been explored to different degrees in phylotranscriptomic studies (Andrade et al. 2014; Gonzalez et al. 2015; Lemer et al. 2015) , the levels below which an individual gene matrix shifts from informing to impeding species-tree inferences are not always clear and will likely vary depending on the size and depth of the phylogeny. Identifying the optimal balance between phylogenetic signal and matrix occupancy (i.e., including the maximum possible number of alignment characters for the largest number of taxa) is useful both for interpreting phylogenetic results and guiding future studies.
We sampled the growing number of sequenced diatom genomes and transcriptomes and systematically evaluated the impacts of column and taxon occupancy on patterns of conflict and concordance among gene trees. We found that gene trees with low taxon occupancy exhibited high levels of discordance with the species phylogeny. Although much of the discordance reflected uncertainty in gene trees, strongly supported discordance was concentrated on short internal branches, which are relatively common across the diatom phylogeny. Nevertheless, we were able to recover a set of consistent and strongly supported species relationships across much of the phylogeny, suggesting that many challenging evolutionary relationships within diatoms can be resolved despite a highly variable and complex set of nuclear gene histories.
Results

Data Sampling and Species Tree Reconstructions
Total numbers of assembled transcripts ranged from 17,155 to 124,647 (x ¼39,112 6 17,993) for the 94 diatom taxa in our study. After pruning and filtering orthologous clusters into single-copy alignments, we generated data subsets to reflect varying levels of both site and taxon occupancies prior to estimating gene trees. Alignments were trimmed at three occupancy cutoffs (0.2, 0.5, and 0.8) at each site in a gene alignment (i.e., column occupancy), and each of these three data treatments was further segregated into six exclusive or partially overlapping data sets based on the proportion of ingroup taxa present in a gene alignment (i.e., taxon occupancy). The 18 resulting data subsets ranged in size from 32 to 3,622 loci and 8 to 94 diatom taxa, with total combined alignment lengths ranging from 7,696 to 1.96 million amino acids (table 1) . Average bootstrap support across gene trees ranged from 70.7 6 12.1% to 69.8 6 6.7% for gene trees in the 0.2 and 0.5 alignment column occupancy data subsets, respectively. Average gene tree bootstrap support decreased slightly with increasing taxon occupancy (all gene trees at 0.2 alignment column occupancy: y¼À0. 
¼0.059).
Summary-coalescent and concatenation analyses resulted in species tree topologies that were largely consistent across data subsets, with the exception of data subsets with the lowest (10-20%) taxon occupancy ( fig. 1 ). In the lowest taxon-occupancy data sets, topological resolution of deeper nodes was highly variable among genes and often lacked consensus support (supplementary file 1, Supplementary Material online). High levels of missing data can be problematic for summary-coalescent analyses (Vachaspati and Warnow 2015) , which produced outlier tree topologies for lowtaxon-occupancy data sets ( fig. 1, clusters 2 and 3) . Concatenation-based analyses appeared to be less sensitive to taxon occupancy ( fig. 1 ). The following results and discussion are mostly limited to data subsets with high taxon occupancy (table 1) , as these produced a more consistent set of topologies. Throughout this article, we assess species-tree support based on the combined ASTRAL, ASTRAL-mlbs, IQ-TREE SH-aLRT, and IQ-TREE ultrafast bootstrapping analyses.
For high-taxon-occupancy data sets, most relationships across the diatom phylogeny were consistent and strongly supported ( fig. 2 and supplementary file 1, Supplementary Material online). Differences in branching orders between species trees generated from these data sets were few (supplementary file 1, Supplementary Material online) and involved only ca. 10% of nodes in the species tree, including the branching order of major polar centric clades, the position of Staurosira, and minor variations within Skeletonema, Chaetoceros, and Cyclotella/Thalassiosira. We found consistently strong support for monophyly of pennate diatoms (Bacillariophyceae) and weak to strong support for monophyly of polar centric diatoms (Mediophyceae), excluding Attheya (discussed below). Mediophytes were recovered as paraphyletic by phylogenetic analyses of one data set (0.8 alignment column occupancy, 40-60% taxon occupancy; supplementary file 1, Supplementary Material online), but support for this result was low. No analysis rooted with outgroups (see Materials and Methods) recovered radial centrics (Coscinodiscophyceae) as monophyletic, and relationships among the radial centric lineages were consistent across high-taxon-occupancy data treatments and analyses. Araphid pennates were consistently paraphyletic, and branching order of the araphid pennate lineages was generally consistent, with the exception that the position of Staurosira varied slightly depending on the data set and type of analysis (supplementary file 2, Supplementary Material online). The biddulphioid genus Attheya was sister to pennate diatoms with weak to strong support in all but two analyses (ASTRAL and ASTRAL-mlbs for !0.5 alignment column occupancy, 100% taxon occupancy), both of which recovered (Attheya þ Mediophyceae) with low support.
Mediophytes (excluding Attheya) were consistently split into four strongly supported clades: fig. 3 ). Speciestree topologies from concatenation analyses supported two topologies that differed only in whether CHED was sister to (Lithodesmiales þ Thalassiosirales) or all other mediophytes ( fig. 3 ). Concatenation analyses were more sensitive to taxon occupancy than column occupancy threshold, with the 40-60% taxon occupancy data set driving support for (CHED þ other mediophytes) ( fig. 3 ). In contrast, the (CHED þ (Lithodesmiales þ Thalassiosirales)) topology was supported by seven data subsets, all of which had high taxon occupancy (!80%) ( fig. 3 ). The latter topology was also supported by 10 ASTRAL and ASTRAL-mlbs analyses, making it the most commonly recovered topology in our analyses. The dominant topology recovered by ASTRAL and ASTRAL-mlbs analyses shared no sister relationships with either of the two concatenation topologies ( fig. 3) . Additional information about topological variation within araphid pennates and polar centrics is available in supplementary file 2, Supplementary Material online.
Concordance and Conflict between Gene Trees and Species Trees
We examined gene-tree/species-tree conflict and concordance across data subsets, with a particular focus on relationships among the four polar centric clades described earlier and the placement of Attheya, as these have been inconsistently resolved in past studies (Medlin 2016) . For these analyses, we used as the reference species tree the concatenation-based tree with 0.8 alignment column occupancy and 80-100% taxon occupancy ( fig. 2) , and 0.8 column-occupancy cutoff data sets. To verify the robustness of our results to data subset choice, reference species-tree topology, and phylogenetic strategy, gene-tree concordance figure 2 . Cluster 1 also includes concatenation-based species trees with 10-20% taxon occupancy at alignment column occupancy cutoffs of 0.8 (a), 0.5 (b), and 0.2 (c). Outlying clusters 2 and 3 represent ASTRAL and ASTRAL-mlbs species trees for 10-20% taxon occupancy partitions and alignment column occupancy cutoffs of 0.2 and 0.5 (cluster 2; four trees total, two are topologically identical) and 0.8 (cluster 3; two topologically identical trees). Signal, Uncertainty, and Conflict in Phylogenomic Data . doi:10.1093/molbev/msx268 MBE analyses were also performed using the ASTRAL species tree from the 0.5 column occupancy, 40-60% taxon occupancy data subset as a reference species tree, chosen because it showed the greatest RF distance to the reference concatenation species tree of all high taxon occupancy species trees within the primary cluster of RF analysis (cluster 1, fig. 1 ).
In general, gene tree discordance was common along the backbone of the species tree (e.g., deep splits within the polar centrics and araphid pennates) ( fig. 2 and supplementary file 3, Supplementary Material online) as well as in shallow within-genus and within-species clades. Discordant loci typically were not dominated by a single alternative topology but rather many different topologies. In addition, discordant nodes in gene trees had disproportionately low bootstrap support compared with concordant nodes ( fig. 4a and supplementary file 4, Supplementary Material online). This result highlights relatively low levels of phylogenetic signal overall in many of the gene trees ( fig. 4a and supplementary file 4, Supplementary Material online). We also found consistently strong positive correlations between internal branch length (from the concatenated IQ-TREE analysis) and strongly supported nodes that were concordant between gene and species trees ( fig. 4b and supplementary file 4, Supplementary Material online). Consistent with this, short branches subtending the four polar centric clades and Attheya had greater numbers of discordant than concordant topologies ( fig. 4b , inset). Taxon occupancy impacted gene-tree concordance most strongly, with the proportion of concordant gene trees increasing between the 10-20%, 40-60%, and 80-100% taxon-occupancy data sets; taxon occupancy had, by contrast, relatively little impact on the observed proportion of discordant gene trees ( fig. 5 and supplementary file 4, Supplementary Material online). The proportion of gene trees with strong support for the species tree was consistently low across taxon occupancy subsets for nodes subtending polar centric clades and Attheya ( fig. 5a ), whereas the proportion of gene trees with strongly supported conflict was relatively high at these nodes ( fig. 5b ). These trends were robust with respect to choice of reference tree (supplementary files 3 and 4, Supplementary Material online).
Following Shen et al. (2017) , comparison of genewise loglikelihood scores between the most commonly recovered polar centric topology and the most commonly recovered alternative topologies revealed substantial, albeit minority, support for the alternative topologies ( fig. 6 and supplementary file 5, Supplementary Material online). Similarly, a strong minority of loci favored placement of the genus Attheya as sister to the polar centric clade rather than sister to the pennate clade ( fig. 6 ). For each pair of contrasting topologies shown in figure 6 , removal of loci with the highest or lowest difference in log-likelihood scores did not change the topology of the optimal phylogenetic reconstruction.
Discussion
Considerable progress toward reconstructing a large, comprehensively sampled phylogenetic hypothesis for diatoms has been made since publication of the first SSU rDNA tree (Medlin et al. 1993 ). Most of this effort has focused on increasing the number and diversity of sampled species, which is often a principal bottleneck for phylogenetic studies of highly diverse microbial lineages. The development of new phylogenetic markers represents another major hurdle to establishing a robust phylogenetic hypothesis for diatoms . 
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The goal of this study was to determine whether large nuclear data sets can resolve some historically difficult relationships within diatoms, a lineage of microbial eukaryotes comparable in age and species richness to angiosperms. We applied summary-coalescent and concatenation-based approaches of phylogenetic inference to a range of taxon occupancy thresholds for inclusion of individual gene alignments and, within those alignments, individual columns. These experiments allowed us to determine the sensitivity of species-tree inferences to basic parameters related to data set size and composition. The largest data sets were also the sparsest, consisting of up to 3,622 genes and 1.96 million total aligned amino acids, but with individual gene alignments containing as few as 8 of the 94 total ingroup taxa and alignment columns lacking data for as many as 92 of 94 ingroup taxa. At the other extreme, the smallest data set was the most complete, consisting of just 32 genes with at least 80% column occupancy in all 94 ingroup taxa. Our results showed that occupancy thresholds can be relaxed considerably for concatenation-based and, to a lesser extent, summary-coalescent methods with relatively minor effects on the species tree topology (figs. 1 and 3).
Phylotranscriptomics Resolves Some Challenging Relationships and Underscores the Recalcitrance of Others
Comparisons of our results to the most comprehensive phylogenetic analysis of diatoms to date are limited by lack of overlap in taxon sampling (i.e., just 32 of the 43 diatom genera in our study were included among the 131 genera sampled by FIG. 4 . Gene tree concordance and discordance across all nodes in the species tree depicted in figure 2 in relation to bootstrap support and branch length. (a) Box plots summarizing the proportion of gene trees still resolved as supporting or conflicting nodes within the species tree, shown as points, when bootstrap support cutoff for the gene tree is increased from 33% to 70% (results shown for 0.8 column occupancy data sets). Shared numbers above whiskers indicate no significant difference at P < 0.05. (b) IQ-TREE branch length versus proportion of gene trees that support or conflict with a node (results shown for 80-100% taxon occupancy and 0.8 column occupancy data set). Each pair of points (triangle þ circle) represents the proportion of gene trees supporting or conflicting, respectively, with a node on the species tree. A split in a gene tree was considered concordant if it was shared with the species tree and had !70% bootstrap support in the gene tree. Splits in a gene tree were considered discordant if they had !70% bootstrap support and were not shared with the species tree. The inset shows the nodes labeled in figure 2, with other data points removed for clarity; shaded areas delimit 95% confidence intervals.
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FIG. 5. Relationships between taxon occupancy and proportion of gene trees that were identified as concordant or discordant with the species tree shown in figure 2. (a) High-taxon-occupancy data sets have a greater proportion of gene trees that are concordant with the species tree. (b) The proportion of gene trees in conflict with the species tree is relatively invariable across varying levels of taxon occupancy. For both panels, each line corresponds to a split in the species tree at different levels of taxon occupancy. The four focal nodes identified in figure 2 are likewise identified in panel (b), but all of them have uniformly low gene-tree support and so fall below the dashed line in panel (a). A split in a gene tree was considered concordant if it was shared with the species tree and had !70% bootstrap support in the gene tree. Splits in a gene tree were considered discordant if they had !70% bootstrap support and were not shared with the species tree. Shared numbers above whiskers indicate no significant difference in mean values at P < 0.05.
Signal, Uncertainty, and Conflict in Phylogenomic Data . doi:10.1093/molbev/msx268 MBE Theriot et al. 2015) . In addition, critical relationships in previous studies varied by data set and optimality criterion, confounding cross-study comparisons and also underscoring the need for increased character sampling . A definitive reconstruction of the entire diatom phylogeny was not the central goal of this study, so we focused on historically challenging parts of the tree. We also focused on results from the high taxon-and column-occupancy cutoffs, which exhibited the greatest levels of topological congruence. In our analyses, the backbone of the phylogeny was fully resolved, strongly supported (based on ASTRAL, ASTRALmlbs, and IQ-TREE support metrics), and relatively robust to inference method and taxon and column occupancy thresholds. Radial centric diatoms were decidedly not monophyletic, similar to results of other multi-gene studies (Ashworth et al. 2012; Theriot et al. 2015) . Support for monophyly of the Mediophyceae has been relatively consistent, with the caveat that Attheya moves in and out of mediophytes in different analyses (Theriot et al. 2010 Medlin 2016) . Our results further strengthened support for monophyly of Mediophyceae to the exclusion of Attheya. Relationships among four strongly supported clades within mediophytes were, however, among the most highly variable across data sets and analyses ( fig. 3) . The four subclades resolved into six different configurations across data partitions and analyses, and although a plurality of them (17/45) supported one topology (also recovered by Theriot et al. 2015) , the five clades were separated by short branches, possibly indicative of rapid diversification or frequent hybridization early on in mediophyte evolution. As a result, lack of phylogenetic signal and the effects of incomplete lineage sorting on short internodes may make it challenging to resolve these nodes with sequence-based analyses (Shen et al. 2017) .
The evolution of axial symmetry, isogamy, and active motility in the pennate diatoms (Bacillariophyceae) represent key transitions in the evolution of diatoms, and reconstructing these transitions requires knowledge of the sister lineage to the pennate and raphid pennate clades. Our analyses placed the araphid pennate genus Striatella, which has been notoriously difficult to place phylogenetically (Sato et al. 2008; Theriot et al. 2010; Medlin 2016) , as sister to all other pennate diatoms. Many studies that have recovered Attheya in this position did not include Striatella in their analyses (Rampen et al. 2009; Theriot et al. 2009; Sorhannus and Fox 2012) . In our analyses, Attheya was recovered consistently, and generally with strong support, as sister to Striatella þ pennates, supporting the prediction that its highly variable placement in previous analyses was the result of too few characters . Nevertheless, the phylogenetic position of Attheya inferred here should still be considered provisional because of: 1) the short branch separating it from its sister taxon ( fig. 2) , 2) considerable support for an alternative placement ( fig. 6) , and 3) evidence that inclusion of Biddulphia, which is missing from our data set, may be necessary to resolve the placement of Attheya with greater certainty .
Trends in Gene-Tree Concordance and Conflict
We analyzed topological congruence between gene trees and species trees using a concatenation-based species tree as a point of reference (IQ-TREE analysis of the 0.8 alignment column occupancy cutoff, 80-100% taxon occupancy data subset). A reference tree is required for comparative purposes here, and is not meant to represent the true species tree, which is unknown. Additional analyses (supplemental files 3 and 4, Supplementary Material online) show that the topological comparisons presented here are robust to the choice of reference. Here, the concatenation-based tree is utilized for several reasons, including: 1) size (512 loci) and completeness (80-100% taxon occupancy, !80% alignment column occupancy) of the underlying data set; 2) relatively low levels of bootstrap support across many gene trees, possibly suggestive of moderate to high levels of gene tree error (Anisimova et al. 2011) , a case in which concatenation-based methods have been shown to outperform summary-coalescent methods (Gatesy and Springer 2014; Mirarab and Warnow 2015) ; 3) recovery of the most commonly recovered relationships among the major mediophyte clades (fig. 3) ; and 4) a lack of consistent alternative topologies supported by the underlying gene trees ( fig. 2 and supplementary file 3,  Supplementary Material online) . Importantly, the trends we report in gene-tree/species-tree concordance and Parks et al. . doi:10.1093/molbev/msx268 MBE discordance were also recovered when using a different tree topology inferred using a summary-coalescent approach and different data subset (supplementary files 3 and 4, Supplementary Material online), indicating that our results are largely robust to phylogenetic method and data set characteristics. Our gene-tree and concatenation-based speciestree estimates were based on amino acid alignments, which we chose based on the size and depth of the diatom phylogeny (200 My, Sorhannus 2007) as well as the high reported rates of sequence evolution in diatoms (Bowler et al. 2008) . It is nonetheless possible that the application of nucleotide alignments could affect gene-tree inferences (Hall 2005) and, consequently, species-tree reconstructions and patterns of gene-tree congruence. Future analyses may benefit from an exploration of the relative strengths and weaknesses of amino acid versus nucleotide alignments in phylogenomic analyses at this scale.
Relatively high levels of discordance among gene trees are common in phylogenomic data sets of large, diverse groups (Degnan and Rosenberg 2009 ). Across our analyses, gene tree discordance was typically lowest at low taxonomic levels, with the exception of some shallow within-genus (e.g., Skeletonema) and within-species (e.g., S. marinoi) nodes, which may exhibit high levels of hybridization and incomplete lineage sorting (Harrison and Larson 2014; Edwards et al. 2016 ). Conversely, discordance was relatively higher at deeper levels within the phylogeny, similar to findings for other groups (Smith et al. 2015) . This was particularly true for deeper nodes within the polar centric and pennate diatom clades ( fig. 2 and supplementary file 3, Supplementary Material online). This general pattern could reflect a combination of methodological and biological factors, including misaligned or incorrectly identified orthologs spanning large phylogenetic distances (Emms and Kelly 2015) or lineagespecific gains or losses of genes leading to nonrandomly distributed data (Xi et al. 2016) . Evidence for the latter is found in genome comparisons between the model diatoms, Phaeodactylum tricornutum and Cyclotella nana (formerly Thalassiosira pseudonana), which only share roughly 44% of their gene families (Bowler et al. 2008) . Considering the age (ca. 200 My; Sorhannus 2007) and diversity (ca. 100,000 species; Mann and Vanormelingen 2013) of diatoms, these are likely to remain as persistent challenges in efforts to reconstruct the species phylogeny of diatoms.
A number of salient trends emerged when comparing gene-and species-tree topologies. First, for gene tree topologies with high bootstrap support, our analyses showed that gene-tree/species-tree concordance was much greater than discordance for longer internal branches. As branch lengths decreased, the number of discordant gene trees can surpass the number of concordant ones. These trends are consistent with predictions based on both coalescent theory (Pamilo and Nei 1988; Maddison and Wiens 1997) and empirical phylogenomic studies (Lambert et al. 2015; Streicher et al. 2016; Blom et al. 2017) . The high levels of well-supported gene-tree discordance concentrated on short internal branches suggests that incomplete lineage sorting is likely to be common across many parts of the diatom species tree, a challenge that may be overcome using summarycoalescent methods with high-taxon-occupancy gene matrices.
We also found that levels of gene-tree concordance increased with increasing taxon occupancy of the gene trees. Topological conflicts between gene and species trees tended to have low bootstrap support in gene trees-a trend that was most evident in the highest taxon-occupancy data subsets ( fig. 4a ). This suggests that a substantial portion of perceived conflict in our data set, and potentially other phylotranscriptomic data sets, reflects lack of phylogenetic signal in gene trees (Blom et al. 2017 ). Our results suggest that studies aimed at producing resolved species trees might benefit from filtering out low-signal genes by applying higher taxon-occupancy and bootstrap-support cutoffs to individual gene trees. Bootstrap cutoffs, or metrics that incorporate bootstrap support values across a gene tree, have previously been shown to increase the efficiency, support, or robustness of species-tree inferences (Salichos and Rokas 2013; Salichos et al. 2014; Streicher et al. 2016; Blom et al. 2017) , and a more thorough exploration of their impacts, specifically in coalescent-based phylogenetic analyses, is warranted Sayyari and Mirarab 2016) . In our analyses, we found that average bootstrap support of individual gene trees decreased slightly with increasing taxon occupancy. However, the patterns of support seen for the four focal nodes in this study ( fig. 5 ) do not completely follow the overall patterns of bootstrap support for all gene trees in relation to taxon occupancy. In fact, we do see ( fig. 5b ) a reflection of the negative correlation between bootstrap support and taxon occupancy for nodes A, B, C, and D in that the proportion of gene trees in conflict with the reference tree (at !70%) increases most strongly when taxon occupancy decreases from 80-100% to 40-60%. Variability between overall trends and patterns at our focal nodes underscores that careful dissection of gene-tree support for individual branches is necessary in many cases.
Although summary-coalescent methods benefit from large numbers of loci (Streicher et al. 2016) , even ones with weak phylogenetic signal (Blom et al. 2017 ), these methods produced outlier tree topologies in our analyses of data sets with very low taxon occupancy ( fig. 1 ). Although this impact may be less of a problem for smaller trees (Lambert et al. 2015) , we recovered numerous implausible topologies (e.g., nonmonophyly of Thalassiosirales, pennates, or raphid pennates) with generally weak support (supplementary file 1, Supplementary Material online). Considering the challenging nature of phylotranscriptomic data sets, some of the correlations we found between gene-tree concordance and taxon occupancy, conflict, and uncertainty may also reflect technical challenges in fully capturing the phylogenetic signal in our data set (Sistrom et al. 2014) . Improved tools for transcriptome-based orthology assessment, and a fuller understanding of the impacts of incorrect orthology assessment on phylogenetic inference (Yang and Smith 2014; Smith et al. 2015) , will undoubtedly move phylotranscriptomic studies of nonmodel organisms forward in this regard.
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The focal nodes that varied across our analyses (e.g., relationships among mediophyte clades and the placement of Attheya) are especially challenging with respect to all of the trends just described. The branches subtending these nodes are short, and the proportion of gene trees in conflict with the inferred species tree exceeds the proportion of gene trees congruent with the species tree, even at higher bootstrap cutoffs for gene trees (fig. 4) . Moreover, none of these nodes showed a strong correlation between taxon occupancy and gene tree support, instead maintaining low levels of gene tree support and high levels of conflict across taxon occupancy cutoffs ( fig. 5) . Finally, pairwise comparisons between competing topologies revealed substantial support for alternatives to the best inferred species tree ( fig. 6) . The relatively high rates of gene tree error or discordance at these nodes may argue for increased reliance on concatenation-based phylogenetic strategies in determining a singular species tree topology , though high levels of incomplete lineage sorting may offset gains in this regard . Further, identifying the underlying source of these high levels of gene-tree conflict will shed new light on processes shaping the macroevolutionary history of diatoms.
Taken together, the patterns of discordance in our analyses provide insights into previous and future efforts in reconstructing the phylogeny of both diatoms and perhaps other similarly diverse groups. For example, widespread discordance among gene trees cautions against overinterpreting phylogenetic trees based on one or a few genes (Medlin 2016 ). Short internal branches, which may be the result of rapid species radiations and/or high rates of historical hybridization, are a common feature of the diatom phylogeny. Resolution of these nodes is especially challenging for analyses based on a small number of genes, as discordance between gene trees was more common than concordance for some of these nodes. Across diatoms, the lack of dominant alternative topologies at nodes with relatively high levels of gene tree conflict, together with the relatively short observed branch lengths at these nodes, suggests that uncertainty introduced by incomplete lineage sorting-as opposed to a consistent set of subordinate signals introduced by hybridization events-is the more likely underlying cause of the discordance (Galtier and Daubin 2008; Smith et al. 2015) . This may be alleviated to some extent by increasing within-species sampling in future studies (Maddison and Knowles 2006) . Hybridization as an alternative explanation for gene tree discordance should not be ruled out, however, especially at lower taxonomic levels (Casteleyn et al. 2009 ).
Conclusions
While phylogenomic data sets have generally delivered on the promise of providing fully resolved species tree, they have likewise delivered-repeatedly and for a diverse range of groups-on predictions made decades ago that the complex and highly varied histories of genes within species will challenge our model of species phylogenies as simple bifurcating trees (Maddison and Wiens 1997) . Moreover, alternative topologies for historically recalcitrant nodes often find substantial support across phylogenomic data sets, and may be disproportionately impacted by a small number of genes, or even sites, in the genome (Shen et al. 2017) . The diatom phylogeny is not immune to these challenges, and will likely remain difficult to fully resolve even with increased taxonomic sampling. A "winner-take-all democracy" approach to phylogenetic reconstruction (Maddison and Wiens 1997) clearly will not capture the complex underlying history of diatom genomes (Huson and Bryant 2006) and may not, in the end, provide the appropriate comparative framework for studies of trait and genome evolution (Hahn and Nakhleh 2016) in this important lineage.
Materials and Methods
Data Sources
The primary data for this study was generated by The Gordon and Betty Moore Foundation's Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP), which provided RNA-seq data for 92 diatom accessions from 40 genera (Keeling et al. 2014) . We also compiled predicted proteins from the sequenced genomes of three diatoms (Phaeodactylum tricornutum [Bowler et al. 2008 ], Fragilariopsis cylindrus [Mock et al. 2017] , and Cyclotella nana [Armbrust et al. 2004] ) and three heterokont outgroups (Ectocarpus siliculosus [Cock et al. 2010 ], Nannochloropsis gaditana [Radakovits et al. 2012] , and Aureococcus anophagefferens [Gobler et al. 2011] ). In addition, we used high-depth RNA-seq data for an additional outgroup, Triparma pacifica, and two diatoms, Leptocylindrus danicus and Hemiaulus sinensis (Kessenich et al. 2014 ). In total, this resulted in an initial data set consisting of 97 diatoms and four heterokont outgroup accessions.
Processing and Assembly of RNA-Seq Reads
Raw RNA-seq data were downloaded from the Sequence Read Archive (SRA) hosted by The National Center for Biotechnology Information (NCBI). SRA-formatted files were converted to fastq format using the fastq-dump utility (ver. 2.7.0) (SRA Toolkit Development Team 2016). Reads from separate experimental treatments of identical strains were concatenated into single data sets.
RNA-seq reads were processed and assembled following recommendations outlined in the Oyster River Protocol (MacManes 2015). Briefly, predicted errors in raw reads were corrected using Rcorrector with options "-k 31 -t 15" (Song and Florea 2015) . Corrected reads were then trimmed using Trimmomatic (ver. 0.32) with options "ILLUMINACLIP: 2: 40: 15 LEADING: 2 TRAILING: 2 SLIDINGWINDOW: 4: 2 MINLEN: 20" (Bolger et al. 2014) . Sequences representing common laboratory vectors and diatom rRNA genes and organelle genomes were filtered using bowtie2 (ver. 2.2.3) with default settings (Langmead and Salzberg 2012) . Overlapping forward and reverse reads were merged using BBMerge (ver. 8.8) with the option "strict ¼ t" (Bushnell 2014 ). Merged nuclear reads were assembled using Trinity (ver. 2.2.0) with default settings (Grabherr et al. 2011b) .
Parks et al. . doi:10.1093/molbev/msx268 MBE Assembled nuclear transcripts were translated into amino acid sequences using TransDecoder (ver. 2.0.1) with default settings. Translation predictions were informed by BLASTP searches of the longest ORFs to the Swiss-Prot database and HMMER searches to the Pfam database (Eddy 2011; Finn et al. 2016) . Quality of RNA-seq assemblies was assessed with TransRate (ver. 1.01) scoring (Smith-Unna et al. 2016 ), using P. tricornutum as a reference, and through identification of conserved eukaryotic orthologs in the assembly with BUSCO (ver. 1.2) (Simão et al. 2015) . Each assembly was filtered for redundancy with CD-HIT (-c 0.99 -n 5) (Fu et al. 2012) prior to ortholog clustering. Three MMETSP accessions were discarded due to low-sequence read counts and poor assembly, resulting in a total of 94 diatom accessions and four outgroup taxa. All subsequent analyses used conceptual amino acid translations. Example commands for RNA-seq read processing and assembly steps described earlier can be found at https://github.com/mparkscbg/MMETSP-analyses.
Ortholog Selection, Gene Alignment, and Tree Building, and Species Tree Reconstructions
In selecting and applying orthologous loci for alignment and gene-tree reconstruction, our aim was to capture a large initial data set for interrogation of the diatom phylogeny, and to explore the impact of data completeness on species tree inference. We applied two explicit types of data filtering during the processes of sequence alignment and gene-and speciestree reconstruction: 1) trimming of orthologous alignments by minimal alignment column occupancy cutoffs prior to gene-tree estimation, and 2) filtering of ortholog trees and alignments used in species-tree building by taxon occupancy. We define column occupancy as the fraction of species with data for a particular column in a given ortholog alignment; the fraction is calculated based on the total number of species in the orthogroup. For example, an alignment column in which 10 of the 20 total species in an alignment had a gap ("-") character would have a column occupancy of 0.5. We define taxon occupancy as the fraction of taxa present in an alignment based on the total number of taxa included in our analysis. An ortholog alignment that included 47 of the 94 total diatom taxa considered in this study would have a taxon occupancy of 0.5.
Ortholog Selection
We performed an all-versus-all BLASTP search of the filtered transcripts using NCBI-BLAST (ver. 2.3.0þ) (Camacho et al. 2009 ) with an e-value cutoff of 0.001. These searches were parallelized using GNU Parallel (Tange 2011) . BLASTP results were subsequently used for clustering of orthologous groups with Orthofinder (ver. 0.4.0) using default settings (Emms and Kelly 2015) . The resulting orthologous clusters were filtered to include only clusters with at least one nondiatom outgroup, at least 20 unique taxa, and maximum taxon redundancy of 1,000 transcripts per cluster (i.e., the number of transcripts per taxon in an orthologous cluster).
Gene Alignments and Gene Tree Estimation
Ortholog alignments and trees were constructed with a modified version of the phylogenomic_data set_construction pipeline, using the "rooted ingroups" (RT) strategy for paralog pruning (Yang and Smith 2014) . This strategy is recommended for data sets with multiple high-quality outgroups and can be used when the genome duplication history of the ingroup is unknown, as is the case for diatoms. For this pipeline, we used UPP (ver. 2.0) (Nguyen, Mirarab et al. 2015) to create multiple sequence alignments and FastTree (ver. 2.1) (Price et al. 2010) to construct an initial phylogenetic tree for each orthologous cluster.
For each orthologous group, the alignment representing the largest identified orthologous clade with at least eight taxa was trimmed using the phyutility_wrapper.py script from Yang and Smith (2014) for minimal column occupancy at three cutoff values prior to reconstructing the final ortholog tree: 0.2, 0.5, and 0.8. Final tree-building and bootstrapping of gene trees (100 bootstrap pseudoreplicates per alignment) were performed with RAxML (ver. 8.2.9) (Stamatakis 2014 ) using the PROTCATJTT model for all alignments at each column-occupancy cutoff. SumTrees (Sukumaran and Holder 2010) was used to summarize bootstrap results onto the best-scoring maximum likelihood trees and to collapse nodes with <33% bootstrap support in order to minimize potential impacts of gene-tree estimation error on species-tree reconstructions Sayyari and Mirarab 2016) . However, we acknowledge that the interaction of branch contraction and bootstrap threshold may reduce accuracy in some cases and that further explorations of this using either simulated data or lineages with well-established relationships is warranted. An example of the full set of commands used to run the phylogenomic_ data set_construction pipeline can be found at https:// github.com/mparkscbg/MMETSP-analyses.
Species Tree Reconstructions
For each remaining locus at 0.2, 0.5, and 0.8 column occupancy cutoffs, gene alignments (for concatenation analyses, described below) and gene trees (for summary-coalescent analyses, described below) were further segregated into six exclusive or partially overlapping pools prior to species tree estimation, as follows: 1) all alignments/gene trees, in which ingroup taxon occupancy ranged from 8.4% to 100%; 2) alignments/gene trees with 100% taxon occupancy; 3) 80-100% taxon occupancy; 4) 40-60% taxon occupancy; 5) 10-20% taxon occupancy; and 6) the combination of alignments/gene trees with 10-20%, 40-60%, or 80-100% taxon occupancy. This resulted in pruned and filtered ortholog alignments and gene trees residing in 1 or more of 18 different data treatments (six taxon occupancy categories for each of three alignment column occupancy cutoffs).
We applied both a summary-coalescent approach with two measures of topological support, and a concatenationbased approach to phylogenetic inference of gene trees and alignments for each of the 18 data treatments, resulting in 54 total species tree estimates. We used ASTRAL (ver. 4.10.8) with default settings for Signal, Uncertainty, and Conflict in Phylogenomic Data . doi:10.1093/molbev/msx268 MBE summary-coalescent species tree estimation, with species tree topology and node support estimated with standard ASTRAL support values (i.e., local posterior probability) and multilocus bootstrapping (hereafter referred to as ASTRAL and ASTRALmlbs, respectively). For concatenation-based analyses, we used ProtTest (ver. 3.4.2) (Guindon et al. 2003; Darriba et al. 2011) to determine the best-fitting model of protein evolution for each gene alignment in a data subset, based on the AICc selection criterion; the resulting models were dominated by LG þ IþG and LG þ G (69.7% 6 11.6%), with the models WAG þ IþG, JTT þ IþG, and VT þ IþG accounting for either the majority or a substantial portion of remaining gene alignments (14.6% 6 9.8%). Loci for each column and taxon occupancy combination category were concatenated with AMAS (Borowiec 2016) . Concatenation-based species trees were estimated using IQ-TREE with ultrafast bootstrapping and SH-aLRT testing (1,000 replicates each) to evaluate support (Guindon et al. 2010; Minh et al. 2013; Nguyen, Schmidt et al. 2015; Chernomor et al. 2016) .
The RT strategy for ortholog detection returns alignments and unrooted ortholog trees without outgroup sequences. We used Yang and Smith's (2014) "monophyletic outgroups" (MO) pipeline, which does not remove outgroup taxa, on a subset of the original orthogroups to determine whether pruning of outgroup taxa affected the branching order or resolution of the earliest splits in the diatom phylogeny. These analyses were based on a total of 306 orthologous clusters that met the following criteria: 80-100% taxon occupancy, fewer than 1,000 transcripts per taxon, and outgroup sampling that included, 1) Triparma and Aureococcus or Aureococcus alone (91 clusters), 2) Triparma and Ectocarpus or Ectocarpus alone (154 clusters), or 3) Triparma and Nannochloropsis or Nannochloropsis alone (61 clusters). This allowed use of the highly curated, genome-based stramenopile proteomes (Aureococcus, Ectocarpus, and Nannochloropsis) as outgroups, as recommended for the MO pipeline (Yang and Smith 2014) , while avoiding assumptions about relationships among Aureococcus, Ectocarpus, and Nannochloropsis, which are inconsistently ordered in other phylogenetic studies (Brown et al. 2010; Gomez et al. 2011) . Column occupancy cutoff was set at 0.8, and other parameter settings were specified as described previously. The resulting gene trees were summarized in ASTRAL using default settings. For this analysis, the two representatives of the genus Corethron were supported as monophyletic and sister to all other diatoms with high (0.99) ASTRAL support. Based on these results, Corethron was used for subsequent rooting of RT trees.
Gene-Tree and Species-Tree Concordance and Conflict
We applied several strategies to investigate levels of support and conflict among species trees generated from different data subsets and analysis strategies, and between gene trees and species trees, using the concatenation-based species tree with 0.8 alignment column occupancy and the 80-100% taxon occupancy data set, as a reference species tree. To verify that our results concerning the impact of bootstrap cutoff, internal branch length, and taxon occupancy (all described below) were robust to choice of reference species tree, the analyses were also run using the high taxon occupancy, summary-coalescent species tree with the greatest RF distance from the reference species tree (ASTRAL species tree estimated with 0.5 alignment column occupancy and 40-60% taxon occupancy) and the associated 0.5 alignment column occupancy cutoff gene trees. These analyses are described in full in the following sections.
Topological Concordance of Species Trees
Topological concordance between species trees for all data subsets and phylogenetic analyses (54 species trees in total) was estimated by Robinson-Foulds symmetric differences and the Ward clustering method using TreeScape (ver. 1.10.18) (Jombart et al. 2017) .
Gene tree concordance was analyzed for 45 data treatments (three column occupancy classes each for all taxon occupancy classes except "all," which failed to complete on our computing clusters), by evaluating gene tree concordance against the reference species tree. Concordance was quantified using the PhyParts software package (Smith et al. 2015) and the ETE3 Python toolkit (Huerta-Cepas et al. 2016) as implemented in PhyPartsPieCharts (https://github.com/moss matters/MJPythonNotebooks; last accessed January 12, 2017). PhyParts requires rooted trees, so gene trees for each partition were rooted using radial centric taxa as present based on order of divergence as supported by the reference species tree; gene trees that did not include radial centric taxa were not used in PhyParts analyses. Gene-tree bootstrap cutoffs were kept at 33% as applied through SumTrees during genetree reconstruction.
Impact of Gene Tree Bootstrap Cutoff, Species Tree Branch Lengths and Taxon Occupancy
PhyParts analyses were repeated as described earlier but with bootstrap support cutoffs increased from 33% to 70%. For each species tree, we determined the average proportion of support and conflict persisting following increased bootstrap cutoff as follows: average conservation of support or conflict
where n ¼ total node count in species tree, x ¼ number of gene trees supporting or conflicting with a species-tree node with bootstrap support cutoff of 70%, and y ¼ number of gene trees supporting or conflicting with a species tree node with bootstrap support cutoff of 33%. Significant differences between resultant mean values was determined through ANOVA (standard weighted means analysis for correlated samples) followed by Tukey's HSD test (www.vassar stats.net).
We also investigated the impact of branch length and taxon occupancy on the proportion of gene trees supporting or conflicting with species tree nodes. For each node of the reference species tree, the proportion of gene trees Parks et al. . doi:10.1093/molbev/msx268 MBE supporting or conflicting that node (with 70% bootstrap cutoff applied to gene trees) was recorded for each data subset, along with the associated branch length at that node. The correlation between proportions of gene trees and branch lengths was estimated through regression analysis using the ggplot2 package (Wickham 2009 ) for R (R Development Core Team 2015). The impact of taxon occupancy was estimated by determining the proportion of gene trees supporting or conflicting with the reference species tree for each of the 10-20%, 40-60%, 80-100%, and 100% column occupancy data subsets at each alignment column occupancy cutoff. Statistical analyses followed those described for analyses of bootstrap cutoffs.
Quantification of Support for Alternative Species Tree Topologies
The distribution of support for three contrasting pairs of topologies was measured through comparisons of genewise loglikelihood support (Shen et al. 2017) . These pairs captured the majority of recovered species tree topological discrepancies, and represented the most common topologies recovered in species trees for polar centric clades and for the biddulphioid genus Attheya. For each comparison, the reference species tree was adjusted in Mesquite (ver. 3.2) (Maddison and Maddison 2017) to reflect the appropriate topology while maintaining branch lengths. Sitewise log-likelihood scores were obtained for each topology using the -f G and the PROTGAMMAAUTO settings of RAxML (ver. 8.2.10) (Stamatakis 2014 ) and summed across each gene using the aligned supermatrix for the 80-100% taxon occupancy and !0.8 alignment column occupancy data set to obtain genewise log-likelihood scores. For each contrasting pair of topologies, the gene partition with the highest and lowest difference in log-likelihood scores were removed from the alignment matrix, and the species tree was recalculated with IQ-Tree as described previously. These analyses were also performed at the 0.2 and 0.5 alignment column occupancy cutoffs (80-100% taxon occupancy), and with the 80-100% taxon occupancy data subset with all gap-containing positions removed.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
